The main purpose of this study was to ascertain the reduction behavior of tin phase (SnO 2 (1073-1223 K) using the sulfidation roasting method.
Introduction
There is a typical iron ore containing tin with the total reserve of more than 0.5 billion tons in China, which is mainly found in Neimenggu, Guangxi, Hunan, and Yunnan provinces of China [1] [2] [3] . After these tin-bearing iron ores were treated by joint processes of reselection, magnetic separation and flotation, the Fe content reached up to 60% while the tin content was about 0.3-0.8 wt.% in the tin-bearing iron concentrates. The tin impurity can make steel crisp, and it cannot be used for iron-making when the tin content is in excess of 0.08 wt. % [4, 5] . Previous studies shows iron and tin in the tin-bearing iron concentrates exist mainly in forms of magnetite (Fe 3 O 4 ) and cassiterite (SnO 2 ), and the Sn phase is almost embedded in the iron phase (Fe 3 O 4 ) at finegrained size, resulting that recovery of tin is low by mineral processing methods [6] . The tin could be separated efficiently through the methods of reduction or sulfidation roasting processes [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Reductant is used in many metallurgical processes to control oxygen potential of the reaction system [17] . Using CO as the reductant, for the reduction roasting process, the Sn phase (SnO 2 ) is reduced and further removed in the form of gaseous SnO, through which the tin content in the iron concentrate can decrease to 0.08 wt.% with the original tin content being below 0.35 wt.% in the tin-bearing iron concentrates [11] [12] . The sulfidation roasting process takes place at a higher rate at the point of Sn removal than the reduction roasting process when the Sn content in the tin-bearing iron concentrate is relatively high, in which the tin volatilization rate reaches over 90% using the FeS 2 or high sulfur coal [8] [9] . In this process, the SnO 2 is reduced firstly and then sulfurized and removed by gaseous SnS. The reduction of SnO 2 is the joint pathway in these two roasting methods.
The detailed reduction behavior of SnO 2 have been mainly conducted by Zhang and Tao, and there are some big discrepancies between their reports [12, 16] . Tao reported the reduction behavior of SnO 2 is mainly related to roasting temperature. When the
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roasting temperature increased from 1073 K to 1313 K, SnO 2 was reduced to SnO(s) and then transformed to Sn(l) and SnO 2 through the disproportionation of SnO. For temperature at 1313 K, SnO 2 was firstly reduced to SnO(l) and then to Sn(l). However, Zhang believed that the reduction behavior of SnO 2 was also related to the CO content in the CO-CO 2 mixed gases beside the roasting temperature. Under relatively weak reductive atmosphere, the SnO 2 was firstly reduced to SnO(s) and then to Sn(l) in the temperature range of 1073 K-1473 K, and the disproportionation of SnO did not occur. Meanwhile there was no generation of SnO(l) with roasting temperature reaching to 1313 K. As CO content further increased, SnO 2 was reduced directly to Sn (l) in the temperature range of 1073 K-1473 K. In addition, it should be noted that it was not proved whether the intermediate product SnO(s,l) was formed in Tao and Zhang researches.
Consequently, isothermal reduction tests of SnO 2 were performed in this paper with the assistance of chemical analysis, XRD, and SEM-EDS analysis under different CO/CO 2 gas mixtures, aiming to study the reduction behavior of SnO 2 . Meanwhile, isothermal reduction kinetics of reduction SnO 2 was performed in a 30 vol% CO-70 vol% CO 2 atmosphere, aiming to provide theoretical guideline for the tin removal using sulfidation roasting method.
experimental

Materials
The SnO 2 , SiO 2 , and Fe powders were used in this study, which were analytical purity chemical reagent from Tianjin Shentai Chemical Reagent Technology Co. Ltd., China. The SnO 2 powder was analyzed with X-ray fluorescence spectroscopy (XRF), and detailed result is shown in Table 1 . CO (purity 99.99 vol %), CO 2 (purity 99.99 vol %), and N 2 (purity 99.999 vol%), were used as the reducing gas and the shielding gas, respectively.
Experimental apparatus and Procedure
The experimental device is shown in Fig.1 , in which the temperature control accuracy was ± 1K using an intelligent temperature controller. The mass flow controllers with a minimum scale division of 0.1 ml/min were used to control CO and CO 2 contents in the mixed gases.
All the experiments were carried out in an alumina sample boat which holds the samples as shown in Fig.1 . For the experimental procedure, the alumina sample boat was firstly heated to the desired temperature, and then high-purity N 2 was blown into the alumina reactor tube for 15 min to purge the air. Secondly, for each test, 0.80 g of the samples, which had been ground to 200 μm, were put into the electric furnace in a gas mixture of CO and CO 2 . After the reduction roasting, the roasted product was rapidly taken out and quenched into liquid nitrogen. Finally, the product was weighed and kept in a closed vessel for analysis.
The tin content in the roasted residue was analyzed by chemical analysis, and the volatilized fraction of it was calculated in accordance with the following expression:
Where, R is the tin volatilized fraction, %; m 0 is the mass of the original sample, g; m 1 is the mass of the roasted residue, g; w 0, Sn is the tin content of the original sample; w 1,Sn is the tin content of the roasted residue.
The Gibbs free energy changes (△G) in this paper were calculated using the reaction module of FactSage7.0. The phase compositions of roasted residues were examined by XRD patterns using a Japan Science D/max-R diffractometer with Cu Kα radiation (λ=1.5406 Å), operating voltage of 40 kV, and current of 40 mA. The diffraction angle (2θ) was scanned from 10 to 90 deg. The microstructure of roasted residues was determined by scanning electron microscopy (SEM; HITACHI-S3400N) coupled with energy dispersive X-ray spectroscopy (EDS).
thermodynamic analyses
The Sn-O-C equilibrium diagram could be summarized in Fig.2 based on the previous research [12] . The SnO 2 is reduced to SnO(s) (Eq. (1)), and then volatilized as SnO (g) (Eq. (4)) in the area B, and the SnO(s) is further reduced to Sn (l) (Eq. (2)) increasing CO content to the area C. In the area D, the reaction (3) takes place, and the tin volatilization occurs through reactions (4) and (5). 
However, the O-Sn phase diagram [18] (Fig.3 ) shows that the Sn(l) is in equilibrium with SnO 2 (s) when the temperature is at 729 K-1313 K, indicating that the reduction of SnO 2 was a one-step reaction, SnO 2 (s)→Sn(l). The SnO(l) is found in equilibrium with Sn(l) and SnO 2 (s) increasing temperature over 1313K, indicating that the reduction of SnO 2 was a step-by-step process, SnO 2 (s)→SnO(l)→Sn(l). Based on the O-Sn phase diagram, the gas-equilibrium diagram of Sn-O-C system could be drawn as shown in Fig.4 . Combined with the discrepancy between Fig.2 and Fig.3 , the reduction behavior of SnO 2 will be discussed in this paper at temperature of 1273 K and 1373 K respectively in diverse CO-CO 2 mixed gases as shown in Fig.4. 
Results and discussion
Reduction and volatilization behaviors of SnO 2
Based on the difference in thermodynamic, the CO contents at the points of A (17.00 vol% CO) and B (17.50 vol% CO) in Fig.4 were chosen for studying the SnO 2 reduction behavior under CO-CO 2 mixed gases total flow rate of 500 ml/min, roasting temperature of 1273 K and residence time of 180 min. Fig.5 shows that the main phase of roasted residues is SnO 2 at the CO content of 17.00 vol%, and 17.50 vol% respectively. Though the Sn (l) could be generated thermodynamically in Fig.4 , it can't be detected in sample B (17.50 vol% CO). Besides, SnO (s) is not generated in sample A (17.00 vol% CO), as can be seen in Fig.5 which is in accordance with the thermodynamic analysis in Fig.4 . In order to further investigate whether SnO(s) and Sn(l) were generated in samples A (17.00 vol% CO) and B (17.50 vol% CO) respectively, equivalent mole SiO 2 or Fe were added, blended with SnO 2 and then roasted at 1273 K for 180 min in 17.00 vol% and 17.50 vol% CO respectively. 
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. Gas-equilibrium diagram of Sn-O-C system
The SEM-EDS results of the roasted residues in CO contents of 17.00 vol% and 17.50 vol% are shown in Fig.6 and Fig.7 respectively. The SEM image in Fig.6 reveals two distinct regions appearing with different brightness, and the EDS results of regions 1 and 2 show that the dark gray and bright regions are SiO 2 and SnO 2 respectively, indicating that there is no formation of SnO(s) with the CO content of 17.00 vol%. The region 1 in Fig.7 is made up of predominant elements of Sn, Si, Al and O, which implies that a tin-bearing silicate is formed [19] [20] . The Al element detected in the silicate is due to contamination of the melts from the sample boat during the roasting process [20] . According to Fig.4 , this tin in the tin-bearing silicate may be derived from Sn(l) which comes from the reduction of SnO 2 , and then it reacted with SnO 2 (s) forming SnO and further formed the tin-bearing silicate with SiO 2 . Namely, a mixed sample of SnO 2 and equivalent mole Fe was roasted for 180 min at 1273 K in CO content of 17.50 vol% and SEM-EDS of this residue is shown in Fig.8 . Fig.8 shows that the phase of region 1 is made up of Sn and Fe, indicating that there is a newborn metallic tin generated during the roasting process, which corresponds well with the results in Fig.4 . In this process, the SnO 2 can be reduced to Sn (l) directly at 1273 K.
Similar to the research at 1273 K, three CO contents of C(10.80 vol%), D (15.25 vol%), and E (16.15 vol%) in Fig.4 were chosen for studying the reduction behavior of SnO 2 under total CO-CO 2 mixed gases flow rate of 500 ml/min, roasting temperature of 1373 K, and residence time of 60 min. Fig.9 shows that when the CO content increases from 10.80 vol% to 16.15 vol%, the main phase of roasted residues is always SnO 2 . Combined with According to obtained results, the SnO 2 could not be reduced when the CO content was lower than 17.26 vol% at 1273 K and 11.23 vol% at 1373 K respectively, and tin volatilized fraction should not be observed. However, as presented in Fig.12 , the tin volatilized fraction changes from 1.06 wt. % to 6.27 wt. % in the CO content from 8.00 vol% to 17.00 vol% at 1273 K, and the tin volatilized fraction is 4.25 wt. % at 8.00 vol% CO content at 1373 K. It might be attributed to the direct formation of gaseous SnO(g) (Eq. (6)). Fig.13 shows that the Eq. (6) can proceed by decreasing the SnO(g) partial pressure (P SnO(g) ) and increasing temperature. The SnO(g) partial pressure is low and always decreasing in the roasting process due to its strong volatility, and it can be removed effectively under relatively weak reductive atmosphere. 
( ( ) (
In order to obtain high tin volatilized fraction, the reduction process should be conducted at a higher temperature, but this accelerates the formation of fayalite which reduces the quality of iron ore. Zhang reported that the optimal temperature range for removing tin from tin-bearing iron concentrates by reduction roasting is 1273-1323 K [11] . Table 2 shows that the vapor pressure of SnS at 1073-1223 K is similar to that of SnO at 1273-1373 K, so the tin might be removed in the form of SnS at a relatively low temperature with sulfidation roasting process. In addition, the reaction of Eq.(3) occupies a dominant place in the sulfidation roasting process, which is different from that in the reduction process. [8, 12] Consequently, it was necessary to study the kinetic parameters of Eq.(3).
Kinetics of the reduction of SnO 2 to Sn(l) in the sulfidation roasting process
In the temperature range of 1073-1223 K, time range of 5-80 min, CO content range of 30.0-80.0 vol%, and gas total flow rate (CO+CO 2 ) of 500 mL/min, the SnO 2 powders were isothermally reduced. The tin contents in the roasted residues in different experimental states are shown in Table 3 and  Table 4 .
According to the previous references [21] , the nucleation and growth model was chosen to describe the kinetic characteristics of Eq.(3). The corresponding kinetic equation is presented as Eq. [7] ( 7) where X SnO2 is the reduction ratio of SnO 2 , m is a constant, t is the reaction time (min), and kapp is the apparent rate constant (min -1 ) which could be obtained by Eq. (8) (8) where b stands for the stoichiometry constant and equals to 1/2 in this system deduced from Eq. 
the intrinsic rate constant (min -1 ·kPa -n ), f for the partial pressure dependence of the rate, pco for the CO partial pressure (kPa), and n for the reaction order. When using ln[-ln(1-X SnO2 )] as Y-axis and ln t as Xaxis, there is a linear relationship between X and Y, and the slope of the line is m.
The experimental data were processed in Table 3  and Table 4 using the kinetic Eq. (7) and plotted in Figs.14 and 15 with a regression analysis. Examination of these figures reveals that the rate data follows Eq. (7) well. With totaling nine runs, the bestfit values of m in Fig.14 and Fig.15 vary between 1.05 and 1.20. The use of a single value of m for the same material is in accordance with the mechanistic justification of the use of the nucleation and growth kinetics equation, and thus all of the calculated lines were plotted with an average value of m being 1.14.
The values of k app against the CO partial pressure obtained from the intercepts are plotted in Fig. 16 , which shows a straight line that goes through the origin. It indicates a first-order reaction with respect to the CO partial pressure. Thus, Eq. (8) can be abbreviated as Eq. (9) (9) The values of the rate constant at various temperatures, k obtained from Eq. (9), were plotted in Fig. 17 . The slope of the straight line placed through the experimental points in Fig.17 corresponds to the activation energy of 144.75 kJ/mol.
Zhang [12] reported that the tin could be removed Table 4 Figure 17. Arrhenius plot of the intrinsic rate constants obtained from the results of Table 3 effectively at 1273-1323 K in the CO content range of 15.0 vol%-16.25 vol%, and Eq.(6) holds a dominant position in their roasting process according to Fig.4 and Fig.13 . The activation energy of Eq.(6) changed from 328.79 kJ/mol at CO 10.0% to 248.13 kJ/mol at CO 12.5% [22] ,which is far higher than that of Eq. (3) at 1073 -1223 K in CO content range of 30.0 vol%. It leads to a conclusion that the tin in tin-bearing iron concentrates could be removed effectively after the Sn(l) is sulfurated into SnS at relatively lower temperatures (1073-1223 K) using the sulfidation roasting method.
conclusions
The reduction behavior of SnO 2 under different temperatures was studied in this paper. From the findings, the following conclusions were obtained.
1. The reduction behavior of SnO 2 at 1273 K depends on the CO content, which is different from the previous study. The reaction of SnO 2 (s)+CO(g)=SnO(g)+CO 2 (g) proceeds in arbitrary content of CO at 1273 K. When CO content is higher than 17.26 vol%, the SnO 2 is reduced to Sn(l) directly, and the generated Sn(l) can react with SnO 2 (s) and form SnO.
2. The reaction of SnO 2 (s)+CO(g) = SnO(g)+CO 2 (g) also proceeds in arbitrary content of CO at 1373 K. Different from that at 1273 K, when CO content is higher than 15.25 vol%, the SnO 2 is reduced to SnO(l) firstly, and then the generated SnO(l) can be further reduced to Sn(l) at a higher CO content.
3. The activation energy of the reaction SnO 2 (s)+CO(g)=Sn(l)+ CO 2 (g) is far lower than that in the reduction of SnO 2 (s) into SnO(g). The tin in the tin-bearing iron concentrates could be removed effectively after the Sn(l) being transformed into SnS at relatively lower temperatures (1073-1223 K) using the sulfidation roasting method.
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